This paper describes a new robotic hand system working under master slave configuration. The slave robotic hand is tele-operated by a master glove that a human operator can wear. The wireless tele-operation is being done by using Bluetooth as the communication channel between master and slave. The angle information of the operator's hand is transferred via this Bluetooth channel by embedding BendSensors in the glove. BendSensors act like a potentiometer strip and detects the movement of every joint present in the hand. The slave robotic hand, on reception of this angle information mimics the movement of human operator. The UTHM robotic hand is a multi fingered dexterous anthropomorphic hand. The hand comprises of five fingers (four fingers and one thumb), each having four degrees of freedom (DOF), which can perform flexion, extension, abduction, adduction and also circumduction. For the actuation purpose, pneumatic muscles and springs are used. The paper exemplifies the design for the robotic hand and provides the torque modelling and torque produced at each finger joint of the robotic hand. It also discusses different robotic hands that have been developed before date.
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Introduction
Robots have become an integral part of modern human life. With every passing year the population of robots is being increased. The industry has replaced a large number of human workers with lesser number of robots on the grounds of economy and efficiency. A robot is a modern version of slave, which perform any task in its capacity satisfying the old human instinct to rule. A robot follows the command as ordered by the human master. Therefore the humans can still enjoy mastering a dumb but efficient slave under their supremacy.
The intelligence of humans has been linked to the hands. Aristotle and Anaxagoras had been discussing this association hundreds of years ago [1] . Humans are the only specie that has been gifted with this kind of dexterous hands, where the universe of full of various species. These hands are capable of doing so many tasks in our routine like dexterously handling different things and even sensing. Therefore this has been discussed from long to be one of the reasons that humans are so intelligent.
The human hand consists of fifty four bones whereas the complete body of an adult human contains two hundred and six bones [2] , which is around 26% of the total human bones. When discussing the robotic hands, the segments or parts that join together to build the robotic hand are mostly less than this number. Even after reaching this number, it cannot compete with the human hand in a broad range of tasks. The reason is the structure of human hand and the material used in human hand that cannot be compared by the material available for robotic hands. The toolset and materials of Mother Nature is far advance than any of the latest technology.
The population of robots and robotic hands is being observed to be increasing gradually throughout the industry. Robots are replacing the erroneous human operators in the industrial processes at a fast speed as more automation is being applied in the industry. The robots working in industry do not make mistakes that can be expected from humans, they are faster, more accurate and their speed is consistent as well. While in some cases the robots are a necessity, because of the working environment or the tasks. For example in the cutting industry, a human operator is in danger as the high speed cutters possess danger for the operator, or in the high temperature environments, like the rubber factories, humans are exposed to burn injuries.
A robotic hand system has been developed that is perfectly compliant to the needs of industry and the hand alone can also be used in prosthetics and rehabilitation. The shape, size and weight of the hand is comparable to actual human hand, therefore it is an anthropomorphic hand. The robotic hand is very flexible so that it can attain dexterous manipulation and can pick and place different things of different shapes and sizes like a normal human hand. The complete system should be able to fix the reprogramming issue and reduce the human injuries in extreme environments.
Literature Review
The research on robotic hands is being done for a long period of time. Looking back to the history of robotic hands, in 1961 Heinrich Ernst developed for the first time, the MH-1 a computer operated mechanical hand at MIT [4] . This hand was a gripper that used two fingers to pick and hold some blocks using electric motors as actuators and touch sensors for the object identification.
Grippers are mostly application specific robots and they do not tend to copy the complete properties and characteristics of actual human hand. The finger count for the grippers ranges from two to three fingers, which results in a low DOF that does not make the robot hand able to act dexterously. Theoretically the least number of DOF to achieve dexterity in a robotic hand with rigid, hard-finger, non-rolling and non-sliding contacts, is nine [5] . The proof for this theory was the development of Stanford/JPL hand.
Many research works had been done on grippers [6] , [7] , [8] , [9] , [10] , [11] , [12] and many companies started production of grippers. Universities, automotive companies, other industries and even space programs for some countries are the customers to these gripper companies. The concentrated research work for grippers was done in 1980s and early in the decade of 1990 the idea for gripper was well established.
The development of MIT/UTAH hand [13] was the beginning of more complex robotic hand structures. It was the first robotic hand capable of dexterously manipulating objects. It had four fingers and over twenty five DOF including the wrist joint. Much research work has been done in dexterous manipulation performed by robotic hands and highly manoeuvrable and anthropomorphic hands have been reported. A detailed study on the robotic hands performing dexterous manipulation can be seen in [3] .
Researchers had been using electrical, mechanical and hybrid actuation schemes for the robotic fingers. But every actuator has its limitations and restrictions like the space required for the actuator sometimes causes the hand size to go bigger than the actual human hand. Sometimes the actuator system needs to be placed outside the hand making it an extrinsic type of robotic hand. The force applied by the fingers is limited for the intrinsic type of robot hands where the actuator system is placed inside the fingers. The choice of design to be extrinsic or intrinsic depends on the application of robotic hand. If the hand is required to be anthropomorphic with no extra outer components then intrinsic design is preferred whereas extrinsic design can be useful in applications which require high precision and even the vibrations of the hand is not tolerable. With the extrinsic design the researchers can get the maximum DOF as there is no such restriction for size.
In order to actuate the finger joints in the robotic hand artificialitists has been using electric motors quite frequently [14] , [15] , [16] , [17] , [18] . Electric motors have been proved to be very accurate in position and velocity control and also provide much force for the grasping function required by the robotic hand. The use of electric motor also simplifies the mechanical design of the hand. In the use of electric motors, several approaches have been presented such as attaching the motors directly to the joints avoiding the extra mechanics involved; using tendon cables with motors, using tendon cables and pneumatic actuators, using gearing with motors and others are the hybrid of these approaches. The MIT/UTAH hand had three fingers and one thumb [13] . They removed the little finger to avoid complexity in their dexterous robotic hand. Each finger had four DOF and four joints and each joint is separately controlled by a pair of tendon cables. Pneumatic actuators were used for the finger movements. The digital control systems comprises of five Motorola 68000 microprocessors, forty DAC channels and three hundred and twenty ADC channels.
NASA's Robonaut Hand had twelve DOF and five fingers like human hand [19] . Brushless DC motors and gear head were used for the finger actuation. The motors were placed outside the hand for keeping the size of hand small. The mechanical design for these fingers was very complex and putting them altogether inside was much difficult task.
The anthropomorphic NTU hand had seventeen DOF with five fingers and was comparable to the size of human hand [20] . This hand had very complex gearing involved in its fingers as it had a special set of arranged gear trains present in for every joint along with a smart motor that was performing the joint actuation. Similarly the DIST-Hand was developed with sixteen DOF and high level of dexterity [21] . It had four fingers actuated by tendon drive and DC motors. The DLR-Hand also used dc motors with transmission tooth belt and harmonic drive gears [22] . The digital control system was based on two Motorola 68040 based CPU boards, ADCs, hall sensors and potentiometers.
Compact fluidic hand had been developed and reported with fourteen DOF [23] . The hand is powered by fluidic actuators and a miniaturized hydraulic system was developed to be embedded inside the robot hand. The Keio hand had been developed having twenty DOF almost the same as human hand [24] . This hand has been actuated uniquely using ultrasonic motors along with elastic elements. Another unique design using spring as actuating element has been reported [25] . The said robot had three fingers and was reported achieve very high acceleration. This robotic hand was reported for capturing purposes.
Master Glove
The control of the under discussion robotic hand is done by using tele-operation. For the actuation of anthropomorphic and dexterous robotic hand, all the angles of finger joints of the human operator must be tracked. Tracking of angles is done by a special glove, which is embedded by BendSensors and it is also capable of tracking the sideways movement of the joint that connects the finger to the palm as well i.e. abduction and adduction. The BendSensors are embedded at different locations in the glove to get the complete angle information. To control all the joints of the robotic hand independently, the actual angle of all the joints of the operator's hand should be known. The angles between thumb and palm, index finger and palm and pinkie and palm are straight forward. But the angle values for middle and ring finger with palm require some calculations. The details of calculations, the sensors location in the glove and the modeling for torque produced at all joints can be seen in [27] . The operator wearing the specially designed master glove, by the authors, is shown in Figure 1 . In this project, BendSensors are embedded in the glove to track the joint angles. This is a kind of potentiometer strip that changes the value of resistance when it is bent. This sensor is coated with a substrate, which may be plastic, which changes in electrical conductivity as the strip is bent. When the sensor is bent the coated substrate develops some tiny cracks which change the resistance value. The change of resistance value is proportional to the angle that the sensor is bent. The response time for the sensor to change the value according to the angle is also very small as required by our system. This sensor has been used in voltage divider configuration where there is a known resistance present and known voltage applied. The change of voltage, due to the change of resistance, at the sensor is read and then mapped to the corresponding angle. To sense the voltage levels, high speed Analog to Digital Converter (ADC) has been used which is capable of giving throughput of 50 kilo samples per second with each sample of 12 bits. The maximum angle can be observed between the joint joining the proximal and middle segment of the finger. The maximum value of above mentioned angle is always less than 120 o according to the testing and calibration. Therefore the maximum angle resolution of 12 bit ADC is sufficient to detect small changes.
By looking at the speeds of ADC device and Bluetooth we are confident that our system is efficient. If the speed of transfer was very slow it would result in a system where the robotic hand has a jerky movement. The size of all angles is 80 bytes, as there are 20 twenty angles that need to be transmitted and using the floating point numbers each angle will take 4 bytes. If a rate of ten samples per second is selected, it will produce a smooth movement and bandwidth required will be just 800 Bps which is lesser than even 1KBps. For the robotic hand to copy the movement of human operator the complete angle information needs to be transmitted from the glove to robot hand through Bluetooth channel. This communication channel is capable of transferring data at a rate of 2.1Mbits/s. This data rate is sufficient for this project and it even exceeds the throughput of ADC device by a big margin.
The control and processing unit for the glove is a microcontroller. The mbed microcontroller board has been used, which is based on the NXP LPC1768. The task of the microcontroller is to read the voltage values from the bend sensor and convert them to angle values. This will be done by using the calibration information of the bend sensors. To get the calibration information the rate of change of voltage will be monitored with respect to known angles. After converting the values and completing the sample containing all angles, the controller will transmit it using the Bluetooth device.
Robotic Hand
The theme of UTHM hand is to develop a dexterous and anthropomorphic robotic hand, therefore the inspiration for the look and feel has been taken from human hand. The look and feel as well as the size of all the fingers and palm is very much comparable to human hand. The hand comprises of five fingers including the thumb. The structure for all the fingers including the thumb is same while the difference is size, as the sizes varies among the fingers in normal human hand. We have designed the hand capable of twenty DOF which does not include the wrist and arms. Twenty DOF is from the summation of all the fingers as each finger exhibits four DOF. All the joints are pin joints using the dowel pins for connecting the different segments of hand. The details of mechanical design and motion mechanism can be studied in [26] . The design and its kinematic structure are shown Figure 2 and Figure 3 .
For the movements of finger segments, actuators are required that enable the robotic hand to perform the desired movements. Pneumatic muscles have been used in this project. The pneumatic muscle's working is based on the air pressure inside it. When the compressed air is blown in to the tube of pneumatic muscle, it is inflated and the muscle length is decreased and when the compressed air is released it is deflated and its length is increased. There are hooks inside the finger segments ( Figure 5 ), which are tied with the pneumatic muscles through tendon cables. Therefore when the muscle length is decreased, the tendon pulls the finger segment according to required angle.
The number of pneumatic muscles has been reduced in this design by introducing a novel combination of springs and pneumatic muscles. In the past, both the flexion and extension motions were done by using the pneumatic muscles, which increases the space requirements. In this project, pneumatic muscles perform the flexion movement while the extension Figure 2 . UTHM Hand Figure 3 . Kinematic Structure movement is done by the spring. When the compressed air is released from the pneumatic muscle, the pulling force from the muscle is released; at this point the finger segment is under the force applied by the spring. This spring force makes sure that the finger segment goes back to the default position. In the slave robotic hand, by reducing the number of pneumatic muscles, a trade off has been made between the space requirement and force applied by the pneumatic muscle. When a spring is placed in the robotic hand, it will always put a force on the finger segment to go to the default position. Therefore it will be opposing the force applied by pneumatic muscle. The spring force can be considered as a constant force. Now the pneumatic muscle has to apply more force to bend the joint by adding up a constant force to the previous one. The finger segment will be moved when f muscle > f spring , where f muscle is the force applied by the pneumatic muscle on the joint while f spring is the force applied by the spring in opposite direction of f muscle . The spring force can be considered as a constant force.
To control the compressed air pressure inside the pneumatic muscles, solenoid valves have been used. The solenoid valve is an electronically controlled electromechanical valve in which current is passed through a coil which causes a magnetic force and hence the opening and closing of valve. The amount of opening can be controlled by controlling the current. The more the current, the greater will be the magnetic force and the greater the opening of valve. The opening and closing of solenoid valve is controlled by Pulse Width Modulation (PWM) signal supplied by the micro-controller. The PWM signal is a binary signal in which the duty cycle of signal changes whereas the frequency remain constant. By changing the duty ratio, the ON time is changed that causes the flow rate to change as well. There is a linear relationship between the pulse width of the PWM signal (ON time) and the compressed air flow. As the ON time increases, the compressed air flow also increases accordingly. Let F max be the maximum flow rate of valve, T 0 the ON time of the signal and T T the time period of signal, the flow rate F according to the ON time is given by
The heart of the control and processing unit for this dexterous and anthropomorphic robotic hand is a microcontroller, similar to the master glove. The UTHM hand is to be controlled by using tele-operation. As discussed in section 3, the master glove will transmit the angle θ via Bluetooth. A Bluetooth module is present at the robotic hand as well, that acts as a receiver only. The microcontroller gets the angle information from the Bluetooth module and then translates each angle into the corresponding ON time T O for the PWM signal of all the pneumatic muscles. The relationship between the ON time and the angle θ is linear as bigger the angle the bigger will be the ON time. Therefore the microcontroller controls the communication between master and slave and also controls the actuation of the robot hand by controlling the air flow into the pneumatic muscles.
The torque is a cross product of force and displacement of point of force from joint as shown in Figure 4 . Therefore only the perpendicular component of the force is responsible for magnitude of the torque produced. A greater value of torque can be produced by a greater value of angle θ. The details of the torque modelling can be found in [27] .
In this project the tendon strings pull the finger segments of the robotic hand at an angle θ as shown in Figure 5 . The line in the red show the tendon string placed in the finger segment that is pulled by the pneumatic muscle. The direction of force on finger segment, when the tendon is pulled, is shown in Figure 5 .
The maximum force that can be achieved from the pneumatic muscle is calculated by the weight of load lifted at 3.5 bars. The pneumatic muscle is capable of lifting 3kg at a pressure of 3.5 bars. Force is given as ma f  (2) When lifting the load the acceleration is equal to gravitational pull g. Therefore mg f  
This is the force exerted by the pneumatic muscle. The force actually applied at the finger segment is subjected to tendon tension and the frictional forces faced by the tendon. By ignoring these factors the force applied at the finger segment is taken as calculated above. The torque can be calculated by the cross product of f finger segment and the distance of hook from the joint r. This force is taken as constant among all the joints, as pneumatic muscles being used in this project are identical for all the finger segments. The joint torque varies among the joints depending on the distance r and the angle of force θ. The calculated maximum torque produced for all joints, using the measurements of r and θ from the designed robotic hand, and the kinematic details are presented in Table 1 . Figure 6 shows the anthropomorphic nature of UTHM hand as it follows the angles ranges for all the joints of human hand. The angle ranges for both the hands are approximately equivalent which shows the level of dexterity achievable by UTHM hand, therefore the UTHM hand has dexterous and anthropomorphic properties.
Conclusion
The overview of the dexterous anthropomorphic robotic hand system has been elaborated in this paper. The robotic hand system is based on Tele-operation using Bluetooth as the communication channel between them. The design has been made simpler and its demand for space has been reduced from previous designs of robotic hands by using combination of pneumatic actuator and springs. The state of the art microcontroller has been used as the control and processing unit for both the master glove and robotic hand. This robotic system has many applications for the developments of safe industrial environments, whereas the robotic hand alone can also be used for different applications in industry as well as for rehabilitation. The calculation of the resultant torques produced at all joints has been performed and presented as well.
